A systematic study on the ground state electronic structure and magnetic properties of Ni n ͑n ϭ2 -39 and 55͒ clusters are performed using the density functional calculation with the local spin-density approximation. The binding energy per atom increases monotonically. The occupation numbers do not change significantly for nϾ8, which helps us to understand the experimental observation of the photoelectron spectroscopy. The obtained average magnetic moment per atom is larger than the bulk value, and the evolvement of these moments towards the bulk is in good agreement with the experimental trend. However, the average moments of ''core'' atoms are comparable to or even larger than that of surface atoms, which indicates that the usual conclusion of surface enhancement on magnetism in transition metal clusters may be improper for these Ni n (nϭ14-39) clusters.
Due to the finite size effect, clusters can exhibit anomalous structural, electronic, and magnetic properties. The study of the cluster properties and its evolution as a function of the cluster size has been an important subject for both fundamental researches and technological applications. Theoretically, the first step of such a study is to determine the lowest energy structures of clusters, which is usually a very difficult task for clusters even containing a few tens of atoms due to the rapidly increased local minima as well as the number of structural parameters with increasing the cluster size. For transition metal clusters, this becomes even more complicated owing to the abundance of low-lying electron states and to the delocalization of d electrons. Experiments have shown that transition metal clusters have special and interesting properties. For example, for the small clusters, not only magnetic 1-3 but also nonmagnetic elements 4, 5 can have a net magnetic moment, and the average magnetic moment per atom is larger than the bulk value.
Because of the importance of their catalytic and magnetic properties, nickel clusters have been an interesting object of study for both experiments and theoretical calculations. Recently Apsel et al. measured the magnetic moments of Ni n (nϭ5 -740) clusters. 6 The intrinsic magnetic moment per atom was derived by using the superparamagnetic model. 7 Their results showed that the average magnetic moment per atom of all these clusters is larger than the bulk value ͑about 0.60 B ͒, 8 and shows an oscillatory behavior, which is remarkable at a smaller cluster size range. There are also some first principles studies on the electronic structure and magnetic properties of nickel clusters, [9] [10] [11] but these studies deal only with clusters containing less than 20 atoms.
Considering the lack of first principles investigations of larger Ni clusters and the importance of the systematic investigations of the evolvement of the binding energy, sp-d hybridization, magnetic moment, and density of states ͑DOS͒ as a function of cluster size, a systematic study of Ni n ͑n ϭ2 -39 and 55͒ clusters were give in this work.
Our study is based on the density functional theory ͑DFT͒ with the Barth-Hedin local spin density approximation ͑LSDA͒. 12 The numerical 3d, 4s, and 4p atomic wave functions of a Ni atom are used as the basis sets of valence orbitals and the core levels are treated by the frozen core approximation.
Started from the stable structure obtained by the generalized simulated annealing ͑GSA͒ algorithm, 13 14 ͑bond length of 2.155 Å and binding energy of 2.068 eV͒ than previous LSDA results. [9] [10] [11] Figure 1 gives the binding energy per atom of these Ni clusters, this gives a generally monotonic increased trend which changes rapidly in a small cluster size range and tends to moderate for large ones. The binding energy per atom of Ni 55 is about 5.01 eV, which is still much lower than the LSDA band result ͑ϳ5.70 eV͒. 15 The majority and minority DOS curves of some Ni n ͑n ϭ13, 15, 17, 19, 22, 26, 32, 38 , and 55͒ clusters are shown in Fig. 2 . For comparison, the DOS curves of a band calculation by the linear muffin-tin orbital method on fcc Ni crystal are also shown in the same figure. For the similar binding in these clusters, there is a clear common feature among them that the majority spin 3d band is nearly completely filled, while the minority spin 3d band extends above the Fermi energy (E F ). With increasing the cluster size, a similarity between the general features of the DOS for the clusters and for the bulk crystal develops, but the complete bulk DOS behavior was still far from being reached for a cluster containing about 55 atoms. Figure 3 shows the average number of electrons of 3d, 4s, and 4p orbitals for the nickel clusters obtained by the Mulliken population analysis. The number of 3d(4sϩ4 p) electrons increase ͑decrease͒ rapidly and approach a maximum ͑minimum͒ at nϳ8 and then change slowly as shown in Fig. 3 , which indicates that the sp-d hybridizations in Ni clusters evolve very quickly and tend to saturate at a small size (nϳ8). The behavior of the variation of d electrons observed above may have an influence on physical properties of nickel clusters. For example, the recent experiments per-formed by Wang et al. 16 ,17 on 3d transition metal clusters have shown that the discrete spectral features cannot be observed beyond a relatively small size of eight atoms for nickel clusters, and this is very different from that of Fe n clusters in which the discrete spectral features can even be observed up to nϭ23. The early emerging of large d electrons may be a possible reason explaining the experimental observations.
The recent experiment performed by Apsel et al. 6 has given the effective magnetic moment of Ni n (nϭ5 -740) clusters by utilizing the superparamagnetic model 7 and the cluster temperature is in the range from 73 to 198 K. Their results indicated that the average magnetic moment per atom is larger than the bulk value (0.6 B ) and does not approach to this limit at nϭ740, and the evolvement towards the bulk is not monotonic. These authors attributed the magnetic mo- ment enhancement to the surface effects since surface atoms are low coordinated and can have larger moments than inner atoms. In Fig. 4 we compare our calculated average magnetic moments with the experimental results of Apsel et al., our results are in agreement with the experimental trend. Both of them are larger than the bulk value and take on an oscillatory behavior.
In general, the magnetic moment of an atom of a cluster is sensitive to its environment ͑local condition͒ in the cluster. Surface atoms often have higher moments than that of the inner ͑core͒ ones, but for nickel clusters this would be more complex. Figure 5 shows the average magnetic moments of both core atoms and surface atoms of Ni n ͑nϭ14-39 and 55͒ clusters as a function of cluster size. It is surprising that the average magnetic moments of core atoms are found to be very close to or even larger than that of the surface atoms which is in contrast to the common thought that surface atoms should be higher magnetic. The reason for the generally high moments of core atoms of Ni clusters can be partially explained by the charge transfer, in our opinion. Also contrary to the usual case, there are net charges ͑0-1 electron͒ transferred from core atoms to surface atoms in most cases, since generally the density of states near the Fermi level are mainly due to contributions from the minority spin, these charge transfer can enhance the moments of ''core'' atoms and reduce the moments of surface atoms. This anomalous behavior indicates that the usual conclusion of surface enhancement of magnetic moments in transition metal clusters 6 may be improper in these Ni n (nϭ14-39) clusters and suggests that it would be questionable to apply models such as the effective coordinate one to describe the magnetic properties of Ni clusters.
In summary, we have performed systematic LSDA calculations for the Ni n ͑nϭ2 -39 and 55͒ clusters. The binding energy per atom of these clusters increases monotonically as a function of cluster size. The electron occupation numbers do not change significantly for clusters containing more than eight atoms but the complete bulk DOS behavior is still far from being for a cluster containing about 55 atoms, thus different cluster property evolves differently. The obtained average magnetic moments are larger than the bulk value, and the nonmonotonic development of these moments towards the bulk limit is in good agreement with the experimental trend. However, the average moments of ''core'' atoms can be comparable to or even larger than that of surface atoms, this can be attributed to the charge transfer from inner atoms to surface ones, and this indicates that the usual conclusion of surface enhancement of magnetic moments may be improper for these relatively small Ni n (nϭ14-39) clusters.
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